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Rheological propertiesAbstract Three cationic bolaform surfactants with different spacer lengths were prepared from
the reaction of two moles of triisopropanolamine with one mole of each of the following
1,4-dibromobutane, 1,5-dibromopentane and 1,6-dibromohexane. The chemical structures of the
prepared compounds were confirmed via: FTIR spectroscopy, 1H NMR and elemental microanal-
ysis. The surface activity of these bolaform surfactants was studied. The prepared cationic bolaform
surfactants were evaluated as viscosifier additives for water-based drilling fluids. The evaluation
includes the study of rheological properties of the formulated mud (apparent viscosity, plastic
viscosity and yield point, gel strength and thixotropy), effect of temperature on the rheological
properties and also, the study of mineralogical properties of the water-based before and after treat-
ment with the prepared surfactants using: X-ray diffraction (XRD), scanning electron microscope
(SEM) and transmission electron microscope (TEM). The results of the evaluation were compared
to the water-based mud formulated from commercial grade bentonite.
 2016 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
It is a matter of common experience in the oil and gas industry
that the drilling of oil or gas wells is carried out with the aid of
circulating drilling mud or drilling fluids. So, the success of any
well drilling operations depends on many factors, the drilling
mud must be environmentally friendly and more economical.
Drilling fluids have many functions including, removal of cut-
tings generated by the drill bit from the borehole [1], coolingand lubricating the drill bit [2], preventing blowouts by con-
trolling back pressure [3], and forming a thin, low-permeable
filter cake [4]. The drilling fluids can be classified into three
main types which are Gas-Based Drilling Fluids (GBDFs),
Non Aqueous-Based Drilling Fluids (NABDFs) and
Aqueous-Based Drilling Fluids (ABDFs). Water based-mud
is considered the best drilling fluid that is more environmen-
tally friendly than oil-based mud and is less expensive than
the other synthetic-based drilling fluids. Bentonite clay is the
key component of water based mud. Na-montmorillonite
(>80% from bentonite clay) is the main constituent of ben-
tonite. The bentonite clay is used in water based mud due to
its ability to form viscoelastic and thixotropic dispersions,
these properties enable the drilling fluid to carry cuttings. Petrol.
2 M.M. Dardir et al.generated by the drill bit from the borehole to the surface and
keep the water-based mud components suspended especially
during the stoppage of drilling operation. The properties of
natural montmorillonite clay can be enhanced or modified
by organic modification, due to the substitution of the
exchangeable cations in the interlayered area or cation
exchange capacity (CEP) [5–9]. The surface modification of
the clay minerals can be carried out either by physical adsorp-
tion using polymers or by intercalation using surfactant. The
activation of bentonite by surfactant occurred for upgrading
of the bentonite to meet the API specification and OCMA
standard [10,11]. In this study, bolaform surfactants were used
to increase the rheological properties of local raw bentonite
and to raise its potential use in water-based drilling fluids.
Bolaform surfactants are molecules with two polar head
groups connected by one or two hydrophobic chains. These
compounds have been subjected to much research in the last
two decades for their diverse interesting properties. Many
efforts were made to design and synthesize bola molecules with
different structures and characterize the aggregation behavior
of their aqueous solutions [12].
2. Experimental
2.1. Materials
All chemicals that were used throughout this investigation are
of analytical grade and used as they are without more purifica-
tion. Triisopropanolamine (98%, Aldrich), 1,4-dibromobutane
(98%, Aldrich), 1,5-dibromopentane (98%, Aldrich), 1,6-
dibromohexane (98%, Aldrich), ethanol (98%, Sigma), diethyl
ether (98%, Sigma), Egyptian local raw bentonite sample from
South-Hamam, Alexandria (AP= 6.5 cp, PV= 2 cp,
YP= 9 Ib/100 ft2, filter loss = 23 ml, CEC= 54 mill equiva-
lents/100 g and pH= 9.23) and Reference mud sample (R)N
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YP= 15 lb/100 ft2, Filter loss = 15 ml and pH= 10.85).
2.2. Synthesis
The investigated surfactants were prepared by refluxing two
moles of triisopropanolamine with one mole from each of
1,4-dibromobutane, 1,5-Dibromopentane and 1,6-
dibromohexane in the presence of ethanol as a solvent. The
reaction mixture was stirred under reflux for 90 h at 85 C as
shown in Scheme 1. The products were precipitated from the
reaction mixture, purified using diethyl ether to obtain,
diammonium bromide quaternary salts of different spacers
(B1, B2 and B3, with n= 4, 5 or 6) with yields of 85%, 90%
and 95%, respectively.
2.3. Analytical equipments
The structures of the synthesized compounds were confirmed
via the following equipments:
(1) Proton Nuclear Magnetic Resonance: 1H NMR spectra
of the compounds under investigation were measured in
CDCl3 using Varian 300 MHz NMR spectrometer at
20 C. The measurements were carried out at the
National Research Center.
(2) The Fourier Transform Infrared: (ATI Mattson genesis
and FTIR spectrophotometer). The measurements were
carried out at the Egyptian Petroleum Research Institute
(EPRI). All spectra were recorded with 2 cm1 resolu-
tion at an angle of incidence 80 relative to the surface
normal.
(3) Micro elemental analysis was carried out at the Micro
Analytical Center, Faculty of Science, Cairo University.
2.4. Surface properties
Determination of the surface tension of the prepared cationic
bolaform surfactants was carried out using a (Kruss-type
K6) tensiometer equipped with a Platinum–Iridium DuNouy
ring. Double distilled water having a surface tension of
73 mN/m at room temperature was used in the preparation
of samples. Measurements were carried out at the Egyptian
Petroleum Research Institute (EPRI).
2.5. pH measurements
The pH values were measured for mud batches (ML, MB1,
MB2, MB3 and MR) and illustrated in Table 5.
2.6. Yield value and mud density
Bentonite yield was determined according to OCMA (Oil
Companies Materials Association) specifications which corre-
spond to 90.0 barrels per ton mud slurry [13].
The density were measured for all mud batches (ML, MB1,
MB2, MB3 and MR) by using Fann mud balance model 140
and illustrated in Table 5.f cationic bolaform surfactants for water-based drilling fluids, Egypt. J. Petrol.
Evaluation of cationic bolaform surfactants for drilling 32.7. Swelling ratio
Swelling ratio of the local bentonite and treated bentonite with
the new additives were measured according to references
[14–16].
2.7.1. Procedure
1. To 100 ml graduated cylinder filled with 100 ml distilled
water add 2 g dried bentonite over a period of 8 h,
2. After slowly spreading the bentonite, the mixture was left
for settling for 5–6 h.
3. The degree of swelling or swelling ratio was obtained by
dividing the total volume measured after the swelling test
to the original volume of bentonite.
4. The original volume corresponded to the volume (free vol-
ume) of 2 g bentonite placed in the graduated cylinder.
2.8. X-ray diffraction (XRD)
Determination and identification of different crystalline phases
of samples can be carried out using a Philips X-ray diffraction
equipment model Pw 710 with monochromator cu radiation
(h= 1.542 A˚) at 40 kV, 35 mA and scanning speed 0.02/s.
The reflection peaks between 2H= 2 and 70, corresponding
spacing (d, A˚) and the relative intensities (I/I) were obtained.
The diffraction charts and the relative intensities were obtained
and compared with ICDD file. XRD was carried out at
Egyptian Petroleum Research Institute (EPRI).
3. Testing for water-based mud
3.1. Preparation of water-based mud using prepared cationic
bolaform surfactants
All samples were prepared according to American Petroleum
Institute, [API RP 13B-1 (1997)] [11] and Oil Companies Materi-
als Association [OCMA specification No. DFCP-4 (1983)] [17].
The mud batches of the various concentrations of the local
bentonite using fresh water were treated by additives and pre-
pared as follows:
1. Mixing 6% of the local raw bentonite (L) in 350 ml fresh
water.
2. The samples were mixed in a Hamiltan mixer for 20 min
then cured overnight.
3. Each sample was stirred for 15 min, before the rheological
and filtration properties were determined.
4. Different concentrations from the prepared surfactants B1,
B2 and B3 were added to the mud batches.
5. The samples were mixed for 20 min and cured overnight.
6. Each sample was stirred for 15 min, and then the rheolog-
ical properties and filtration were carried out.
3.2. Rheological properties
Rheological properties for the samples before and after activa-
tion with the prepared cationic bolaform surfactants (B1, B2Please cite this article in press as: M.M. Dardir et al., Preparation and evaluation of
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.01.001and B3) were determined to assess their response when used
as activators and consequently their capacity to be used as dril-
ling fluids. All rheological and filtration tests should follow the
American Petroleum Institute (API) and Oil Companies Mate-
rials Association (OCMA) specifications. Apparent viscosities
(AV), plastic viscosity (PV), yield point (YP), Gel strength
and thixotropy were measured according to API specifications
using (Fann viscometer model 35 SA)
Apparent viscosity; cp ¼ ð600 rpm reading=2Þ
Plastic viscosity; cp ¼ ð600 rpm readingÞ  ð300 rpm readingÞ
Yield point; lb=100 ft2¼ð300 rpmreadingÞðPlastic viscosityÞ3.3. Effect of temperature on the rheological properties
3.3.1. Procedure
By using Fann cup heater formulated mud (ML) (21 g ben-
tonite + 350 ml fresh water + 0.5 g from the prepared surfac-
tants) was mixed for 20 min and cured overnight.
1. The mud sample was stirred for 15 min, before the rheolog-
ical properties were measured.
2. The mud was put in a cup heater and the temperature was
gradually increased from 25 C to 90 C
3. The rheological properties were measured at different tem-
peratures and the results were compared with the reference
mud sample (MR).
3.4. Shear rate–shear stress relationship
Relation between the shear stress–shear rate in drilling fluid
was measured by using a viscometer. The shear rate is depen-
dent, to some extent, upon the viscosity of the fluid. The con-
version from round per minute (rpm) to shear rate in (s1) is
given by the following equation [18]:
cðs1Þ ¼ rpm  1:7034
The shear stress (s) from the concentric cylinder viscometer
was taken from dial reading R. Conversion from R to s is
given from the following equations:
sðlb=100 ft2Þ ¼ R  1:0673.5. Effect of temperature on the effective viscosity
A mud being pumped at a constant volume will experience dif-
ferent flow rates at these different shear rates, so the mud has
different viscosities which are the best termed effective viscosi-
ties, le. The effective viscosity is defined as ‘‘the viscosity
exhibited by the fluid at the same existing shear rate”. A
semi-log graph paper for plotting viscosity of the mud versus
the shear rate is represented in Fig. 4.
3.6. Filtration test
API fluid loss test was carried out by using a standard filter
(Ofite) press at 100 psi pressure for 30 min at room temperature.cationic bolaform surfactants for water-based drilling fluids, Egypt. J. Petrol.
Table 2 FTIR spectral data of the three cationic bolaform
surfactants.
Function group I.R. bands (cm1)
B3 B2 B1
m (O–H) 3655 3370 3310
m (N+) 3222 3280 3130
m (aliph. CH3) 2972 2971 2970
m (aliph. CH2) 2932 2933 2933
m (C–H)bending 1456 1456 1455
m (C–N) 1302 1302 1302
4 M.M. Dardir et al.The final volume of filtrate after 30 min in ml was noted as API
filtrate for all samples (ML, MB1, MB2, MB3 and MR) as
illustrated in Table 7.
3.7. Scanning electron microscope (SEM)
The morphology of the montmorillonite particles was exam-
ined by scanning electron microscopy model JMS 5300 Jeol,
at Egyptian Petroleum Research Institute (EPRI).
3.8. Transmission electron microscope (TEM)
TEM was carried out using high resolution transmission elec-
tron microscope (HRTEM) model JEM 2100, JEOL, Japan.
The microscope includes scanning image observation device
to give bright and dark-field STEM images at 200 kV, at Egyp-
tian Petroleum Research Institute (EPRI).
4. Results and discussion
4.1. Synthesis of three cationic bolaform surfactants
The structures of the prepared surfactants were confirmed
using 1H NMR spectra, which showed different bands as
shown in Table 1, where the data confirmed the expected
hydrogen proton distribution in these compounds. Also, from
FTIR data we had observed that the absorption band corre-
sponding to the quaternary ammonium group was generated
in the range (3130–3280) cm1. This confirmed that the FTIR
data were found to be compatible with the supposed structures
as shown in Table 2. The micro elemental analysis data con-
firmed the chemical structure of the prepared compounds as
shown in Table 3.
4.2. Surface tension
The surface tension values of the prepared surfactants are
shown in Table 4. It can be noticed that the prepared bolaform
surfactants (B1, B2 and B3) of different spacer chain lengths
have a weak surface activity as follows: 60 mN/m for B1 and
53 mN/m for B2, while this activity has increased in the case
of B3 to 47 mN/m. So, it can be concluded that compounds
having a longer spacer chain length (B3 of 6 carbon atoms
spacer) were superior to those having shorter alkyl chain (4
carbon atoms for B1 and 5 carbon atoms for B2) in surfaceTable 1 1H NMR spectral data of the prepared cationic
bolaform surfactants.
Surfactants 1H NMR spectral (d)
B2
1H NMR (300 MHz, CD3OD): d 1.076–1.225 (18H,
6CH3); 1.615 (2H, CH2CH2 CH2); 1.90 (4H,
CH2CH2–N
+); 2.552–2.669 (12H, –CH–CH2–N
+);
3.42 (4H, CH2CH2–N
+); 3.899 (6H, CHOH)
B3
1H NMR (300 MHz, CD3OD): d 1.067–1.199 (18H,
6CH3); 1.479 (2H, CH2CH2 CH2); 1.88 (4H,
CH2CH2–N
+); 2.50–2.66 (12H, –CH–CH2–N
+);
3.48 (4H, CH2CH2–N
+); 3.91 (6H, CHOH)
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(2016), http://dx.doi.org/10.1016/j.ejpe.2016.01.001activity, that’s to say that, the surface properties of bola sur-
factants depend strongly on their spacer structure, which goes
in agreement with other investigators [19,20].
This weak surface activity of the bola amphiphiles may be
due to the reverse U-shaped conformation of the bolas at the
air/water interface, where both the polar ends have to attach
to water while the hydrocarbon spacers protrude into the air
[21]. This reverse U-shaped conformation results in a smaller
surface excess, which disfavors lower surface tension as well
[12,22].
4.3. pH measurements
Table 5 showed that pH measurements of the water-based mud
formulated from local raw bentonite clay ML1 was 9.23, while
pH of the formulated mud after treatment with the prepared
cationic bolaform surfactants (B1, B2 and B3) were
10.43,10.47 and 10.36 for MB1, MB2 and MB3, respectively.
4.4. Yield value and mud density
Yield is the quality of clay in terms of the number of barrels of
a given viscosity and (usually 15 cp) slurry that can be made
from a ton of clay. Based on the yield, clays are classified as
bentonite, high-yield, and low yield.
The yield value for water-based mud formulated from local
raw bentonite clay ML1 was 63.0 bbl/ton slurry. After treating
the mud batches with the prepared cationic bolaform surfac-
tants B1, B2 and B3, the yield value increased to 91.00 bbl/
Ton slurry for MB1, 89.00 bbl/Ton slurry for MB2 and
89.00 bbl/Ton for MB3 (Table 5). So upon treatment with
the studied surfactants, the yield value increased to reach a
value near to the value of the reference mud sample (MR).
Table 5 also showed the density of water-based mud formu-
lated from local raw bentonite clay which was 8.6 lb/gal, after
treating the mud batches with bolaform surfactants B1, B2, and
B3, the density kept its value for each of the three formulated
mud batches MB1, MB2 and MB3 (8.6 lb/gal). So, no change in
density has taken place, which is compatible with API
specification.
4.5. Swelling ratio
The swelling ratio for the water-based mud formulated with
local raw bentonite clay (ML1) was 11%, for reference mud
sample (MR) was 12%. Upon treatment of the mud batches
formulated with cationic bolaform surfactants (B1, B2 andf cationic bolaform surfactants for water-based drilling fluids, Egypt. J. Petrol.
Table 3 The micro elemental analysis of the three cationic bolaform surfactants.
Cpd. Elemental microanalysis
Molecular formula C (%) H (%) N (%)
Found Calc. Found Calc. Found Calc.
B1 C22H50Br2N2O6 42.85 44.15 8.24 8.42 4.83 4.68
B2 C23H52Br2N2O6 43.58 45.10 9.07 8.56 4.75 4.57
B3 C24H54Br2N2O6 44.91 46.01 9.25 8.69 4.97 4.47
Table 4 Surface tension values of the three bolaform surfac-
tants (B1, B2 and B3) at (25 C).
Compound Surface tension (mN/m)
B1 60
B2 53
B3 47
Table 5 pH measurements, yield value, mud density and
swelling index of the prepared cationic bolaform surfactants
water-based mud.
Mud
type
pH after
20 min
Yield value (barrels
per ton mud slurry)
Density
(lb/gal)
Swelling
ratio (%)
ML 9.23 63.0 8.6 11
MR 10.85 94.0 8.6 14
MB1 10.43 91.0 8.6 13
MB2 10.47 89.0 8.6 13
MB3 10.36 89.0 8.6 13
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Figure 1 X-ray diffraction analysis of B1-MMT, B2-MMT and
B3-MMT compared to Na-MMT, (M=Montmorillonite,
C = Calcite, K = Kaolinite and Q = Quartz).
Table 6 Basal spacing values (d001) and diffraction angel of
local bentonite treated with B1, B2 and B3.
Material Basal spacing region d001 (A˚) Position (2H)
Na-MMT 12.55 7.04
B1-MMT 13.49 6.55
B2-MMT 13.91 6.36
B3-MMT 13.98 6.34
Evaluation of cationic bolaform surfactants for drilling 5B3); the swelling ratio was increased from 11 to 14% for MB1,
13% for both MB2 and MB3 Table 5.
4.5.1. X-ray diffraction (XRD)
As shown in Fig. 1 in addition to adsorption onto the external
surface, intercalation also took place in phyllosilicates. To rec-
ognize the MMT intercalation with B1, B2 and B3, the XRD
patterns of the B1-MMT, B2-MMT and B3-MMT samples
were measured. The observed basal spacings (d001) of
B1-MMT, B2-MMT and B3-MMT are given in Table 6. The
(d001) value of the B1-MMT sample was higher than that of
Na-MMT, and lower than B2-MMT and B3-MMT which indi-
cated that B2 and B3 were intercalated in a greater amount
than B1. Also, the (d001) of B2-MMT is lower than that of
B3-MMT. This showed that, B3 was strongly attached to
MMT because of the higher van der Waals and electrostatic
interactions with the negatively charged silicate layers [23,24].
4.6. Rheological properties of water-based mud treated with the
prepared cationic bolaform surfactants (MB1, MB2 and MB3)4.6.1. Viscosity
Apparent viscosity (AV) and plastic viscosity (PV) are shown
in Table 7, it is clear that, the apparent viscosity and plastic
viscosity for water-based mud formulated with referencePlease cite this article in press as: M.M. Dardir et al., Preparation and evaluation of
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.01.001mud sample (MR) was 15 cp and 10 cp, respectively, but the
values of the AV and PV for local formulate water-based
mud increased with the addition of the prepared cationic bola-
form surfactants (B1, B2 and B3) with different concentrations
(0.1, 0.2 to 0.7 g). The results showed that;
AV of the water-based mud increased with increasing the
concentration of the surfactant additives to the mud at the
value of AV that ranged between 6.5 cp and 20.5 cp for
MB1, 6.5–18.5 cp for MB2 and 6.5–17.5 cp for MB3 which is
greater than AV of the reference mud (MR). These results
may be due to the intercalation of the prepared surfactants
in the inter layer spacing of the clay particles, causing an
increase in the drilling mud viscosity [25].
As shown in Table 7, the PV varied with irregular sequence
with increasing the concentration of the used surfactants B1,
B2 and B3 from 2 cp to 6 cp for MB1, from 2 cp to 3 cp for
MB2 and from 2 cp to 4 cp for MB3 as compared to the refer-
ence mud (MR) which was 10 cp.cationic bolaform surfactants for water-based drilling fluids, Egypt. J. Petrol.
Table 7 Rheological properties of water-based mud formulated from local clay L and treated with the three cationic bolaform
surfactants (MB1, MB2 and MB3) at different concentrations.
Mud type Conc. (g) AV (cp) PV (cp) YP (lb/100 ft2) GS10 s. (lb/100 ft
2) GS10 min (lb/100 ft
2) Thixotropy (lb/100 ft2)
MR 15 10 10 5 7 2
ML 0.0 6.5 2 9 7 9 2
MB1 0.1 7.5 3 9 7 9 2
0.2 9 4 10 8 9 1
0.3 11.5 4 15 8 10 2
0.4 13.5 5 17 8 10 2
0.5 15.5 5 21 9 11 2
0.6 17.5 6 23 11 12 3
0.7 20.5 6 29 10 12 2
0.0 6.5 2 9 7 9 2
MB2 0.1 7.5 3 9 7 9 2
0.2 9.5 3 13 8 9 1
0.3 11 4 14 8 10 2
0.4 13.5 6 15 9 11 2
0.5 15 3 24 9 12 2
0.6 16.5 3 27 10 12 2
0.7 18.5 3 31 11 13 2
0.0 6.5 2 9 7 9 2
MB3 0.1 7.5 2 11 7 9 2
0.2 8.5 2 15 7 9 2
0.3 10 2 17 8 10 2
0.4 11.5 2 20 8 11 3
0.5 15 6 21 9 11 2
0.6 15.5 4 24 10 12 2
0.7 17.5 4 27 11 13 2
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Figure 2 Rheological properties of formulated water-based mud
MB1, MB2 and MB3 at varied temperatures compared to MR.
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Figure 5 Effective viscosity of MB1, MB2 and MB3 at 30 C,
60 C and 90 C compared to MR.
Evaluation of cationic bolaform surfactants for drilling 7Yield point (YP); the yield point is dependent on the electri-
cal surface charges on the clay particles in mud system under
flowing conditions. The clay particles may be charged so that
they attracted each other giving way to a high yield point, or
particles might perform otherwise making the yield point les-
ser. In either case the yield point may be regulated by the
use of chemical additives [26].
As shown in Table 7; the YP ranged between 9 and
29 lb/100 ft2 for MB1, 9–31 lb/100 ft
2 for MB2 and 9–
27 lb/100 ft2 for MB3, while the YP of the reference mud sam-
ple (MR) was 10 lb/100 ft2.
Also the results revealed that the YP of the bentonite mud
had been improved with increasing concentration of the added
surfactants.
4.6.2. Gel strength (GS)
Table 7 illustrated the value of Gel Strength of the treated mud
batches (MB1, MB2, MB3) at 27 C.
G10 s: increased from 7 lb/100 ft
2 to 10 lb/100 ft2 for MB1,
from 7 lb/100 ft2 to 11 lb/100 ft2 for both MB2 and MB3, while
G10 s of reference mud (MR) was 5 lb/100 ft
2.
G10 min: increased from 9 lb/100 ft
2 to 12 lb/100 ft2 for
MB1, from 9 lb/100 ft
2 to 13 lb/100 ft2 for both MB2 and
MB3, while G10 min of reference mud (MR) was 7 lb/100 ft
2.
4.6.3. Thixotropy
Table 7 illustrated the value of thixotropy of the treated mud
batches (MB1, MB2 and MB3) at 27 C. Thixotropy of MB1Please cite this article in press as: M.M. Dardir et al., Preparation and evaluation of
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.01.001was not changed and kept its value at 2 lb/100 ft2 at all surfac-
tant concentrations except at 0.2 and 0.6 g from B1, while thix-
otropy of MB2 and MB3 did not change and kept its value at
2 lb/100 ft2 while, thixotropy for reference mud (MR) was
2 lb/100 ft2.
The results of the rheological properties, gel strength and
thixotropy of mud batches treated with B1, B2 and B3 at dif-
ferent concentrations indicated that, the prepared surfactants
have direct effect on rheological properties of the mud for-
mulated from local bentonite clay. As the concentration of
(B1, B2 and B3) increased, the rheological properties of the
formulated mud increased. The optimum concentration of
the bolaform cationic surfactant that may be used for treat-
ment of the local bentonite clay and that was sufficient for
local mud to meet the API specification was 0.5 g for B1,
B2 and B3.
4.7. Effect of temperature on the rheological properties
4.7.1. Viscosity
In our study, the rheological properties of the formulated mud
(viscosity, gel strength and thixotropy) were measured at dif-
ferent temperatures ranging between 30 C and 90 C.
Apparent viscosity (AV) Fig. 2 showed that, the AV value
of the MR sample increased from 15 cp to 17 cp, also apparent
viscosity of MB1 changed from 15.5 cp to 17 cp while AV
changed from 15 cp to 16 cp for both MB2 and MB3 which
had relatively stable values.cationic bolaform surfactants for water-based drilling fluids, Egypt. J. Petrol.
Table 8 Filter loss (ml) and Filter cake (mm) description for
mud batches formulated from local raw bentonite ML1 and
treated with prepared conventional cationic surfactants MB1,
MB2 and MB3 compared to MR.
Mud
type
Filter loss (ml)
after 30 min
Filter cake description (F.C.)
MB1 18 Filter cake thickness (mm) = 1.1 mm
Texture of F.C. = porous, non
comprisable, ultra-fine, elastic
Flexibility of F.C. = flexible
Hardness of F.C. = soft
Filtrate pH Value = 10.16
MB2 17 Filter cake thickness (mm) = 1.0 mm
Texture of F.C. = porous, non
comprisable, ultra-fine, elastic
Flexibility of F.C. = flexible
Hardness of F.C. = soft
Filtrate pH Value = 10.21
MB3 17 Filter cake thickness (mm) = 1.0 mm
Texture of F.C. = porous, non
comprisable, ultra-fine, elastic
Flexibility of F.C. = flexible
Hardness of F.C. = soft
Filtrate pH value = 10.22
MR 15 Filter cake thickness (mm) = 1.4 mm
Texture of F.C. = porous, non
comprisable, elastic
Flexibility of F.C. = flexible
Hardness of F.C. = soft
Filtrate pH value = 10.4
ML 23 Filter cake thickness (mm) = 1.4 mm
Texture of F.C. = porous, non
comprisable, elastic
Flexibility of F.C. = semi flexible
Hardness of F.C. = semi soft
Filtrate pH value = 9.04
Figure 6 SEM micrographs of (A) Na-MMT, (B
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viscosity for MR did not change and keeps its value at 10 cp
except at temperatures of 60 C and 80 C, the PV of MB1
did not change and kept its value at 5 cp except at tempera-
tures 60 C and 80 C, also PV for MB2 did not change and
its value at 3 cp except at a temperature of 40 C which had
a relatively stable value but PV of MB3 changed from 3 cp
to 4 cp at temperatures 50 C, 80 C and 90 C and kept its
value at 3 cp at temperatures of 30 C, 40 C, 60 C and 70 C.
Fig. 2 illustrated a variation in yield point (YP): yield point
for the MR sample changed from 10 lb/100 ft2 to 14 lb/100 ft2
while the YP of MB1 changed from 21 lb/100 ft
2 to
24 lb/100 ft2, MB2 YP changed from 24 lb/100 ft
2 to
26 lb/100 ft2 but MB3 YP did not change and kept its value
at 24 lb/100 ft2 except at a temperature of 50 C where the
YP decreased to 23 lb/100 ft2 and at 60 C and 70 C increased
to 25 lb/100 ft2 which was a relatively stable value.
4.7.2. Gel strength (GS)
Fig. 3 illustrated the values of Gel Strength after 10 s (G10 s):
G10 s for the MR sample changed from 5 lb/100 ft
2 to
6 lb/100 ft2, where the G10 s values of the treated mud batch
MB1 increased from 9 lb/100 ft
2 to 13 lb/100 ft2, G10 s. of
MB2 increased from 10 lb/100 ft
2 to 12 lb/100 ft2 and G10 s.
for MB3 increased from 10 lb/100 ft
2 to 13 lb/100 ft2.
Fig. 3 illustrated the values of Gel Strength after 10 min
(G10 min): G10 min for the MR sample kept its value at
7 lb/100 ft2, while the G10 min values of the treated mud batch
MB1 increased from 11 lb/100 ft
2 to 14 lb/100 ft2, G10 min of
MB2 increased from 12 lb/100 ft
2 to 14 lb/100 ft2 and G10 min
for MB3 increased from 12 lb/00 ft
2 to 15 lb/100 ft2.
4.7.3. Thixotropy
Fig. 3 illustrated the values of thixotropy: The thixotropy
value for the MR sample decreased to 1 lb/100 ft2 at) B1-MMT, (C) B2-MMT and (D) B3-MMT.
f cationic bolaform surfactants for water-based drilling fluids, Egypt. J. Petrol.
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2 lb/100 ft2 at a temperature of 70 C and kept its value at
1 lb/100 ft2 at temperatures of 80 C and 90 C, while the val-
ues of the treated mud batch MB1 decreased from 2 lb/100 ft
2
to 1 lb/100 ft2, thixotropy of MB2 kept its value at 2 lb/100 ft
2
and thixotropy for MB3 increased from 2 lb/00 ft
2 to
3 lb/100 ft2.
4.8. Shear rate–shear stress relationship
Shear rate–shear stress relationship at different temperatures
(30 C, 60 C and 90 C) was studied. As shown in Fig. 4, the
value of shear stress decreased as shear rate decreased for the
mud treated with prepared cationic bolaform surfactants (B1,
B2 and B3) and reference mud (MR) at the same temperature.
MR: At 30 C the values of shear stress decreased from 32
to 5, at 60 C decreased from 34 lb/100 ft2 to 6 lb/100 ft2 and at
90 C decreased from 36 lb/100 ft2 to 6 lb/100 ft2 as the shear
rate decreased from 1022 s1 to 5.11 s1.
MB1: At 30 C the values of shear stress decreased from
33 lb/100 ft2 to 10 lb/100 ft2, at 60 C decreased
from 34 lb/100 ft2 to 12 lb/100 ft2 and at 90 C decreased from
36 lb/100 ft2 to 14 lb/100 ft2 as the shear rate decreased from
1022 s1 to 5.11 s1.
MB2: At 30 C the values of shear stress decreased from
32 lb/100 ft2 to 11 lb/100 ft2, at 60 C decreased
from 33 lb/100 ft2 to 12 lb/100 ft2 and at 90 C decreased from
34 lb/100 ft2 to 13 lb/100 ft2 as the shear rate decreased
from 1022 s1 to 5.11 s1.
MB3: At 30 C the values of shear stress decreased from
32 lb/100 ft2 to 11 lb/100 ft2, at 60 C decreased
from 33 lb/100 ft2 to 13 lb/100 ft2 and at 90 C decreased from
34 lb/100 ft2 to 14 lb/100 ft2 as the shear rate decreased
from 1022 s1 to 5.11 s1.Figure 7 Electron micrograph of (A) Na-MMT,
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MB2 and MB3 shear rate–shear stress relationship results are
similar to those obtained in the case of the reference mud sam-
ple (MR).
4.9. Effect of temperature on the effective viscosity
Fig. 5 illustrated the effective viscosity of the water-based mud
formulated from local bentonite and treated with the new
prepared cationic bolaform surfactant muds B1, B2 and B3 at
different temperatures (30 C, 60 C and 90 C). The
effective viscosity decreased with the increasing of the shear
rate, the measured value was similar to the reference mud sam-
ple MR.
MR: The effective viscosity changed from 15 cp to 17 cp at
a high shear rate (1022 s1) and from 500 cp to 600 cp at a low
shear rate (5.11 s1) at different temperatures (30 C, 60 C
and 90 C).
MB1: The effective viscosity changed from 16 cp to 17 cp at
a high shear rate (1022 s1) and from 900 cp to 1300 cp at a
low shear rate (5.11 s1) at different temperatures (30 C,
60 C and 90 C).
MB2: The effective viscosity changed from 15 cp to 16 cp at
a high shear rate (1022 s1) and from 1000 cp to 1200 cp at a
low shear rate (5.11 s1) at different temperatures (30 C,
60 C and 90 C).
MB3: The effective viscosity changed from 15 cp to 16 cp at
a high shear rate (1022 s1) and from 1000 cp to 1300 cp at a
low shear rate (5.11 s1) at different temperatures (30 C,
60 C and 90 C).
From Fig. 5 we concluded that; the values of effective vis-
cosity versus shear rate of water-based mud treated with the
prepared cationic bolaform surfactants were extremely shear
thinning.(B) B1-MMT, (C) B2-MMT and (D) B3-MMT.
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As shown in Table 8, the standard filter press at 100 psi after
30 min was measured and the corrected filter loss was deter-
mined for MB1, MB2 and MB3. The results of filtration for
the formulated muds (MB1, MB2 and MB3) showed a higher
filter loss than those of the API and OCMA specifications.
By adding the prepared cationic bolaform surfactants (B1,
B2 and B3), the values of filter loss decreased from 23 ml to
18 ml for MB1, to 17 ml for both MB2 andMB3.
The filter loss value is still higher than that of the reference
mud (MR), the API and OCMA specifications, so the filter loss
material should be used for decreasing the filter loss value to
the acceptable value of API and OCMA specifications.
We recommended using starch as a filter loss additive for
water-based mud treated with the prepared cationic bolafrom
surfactants (B1, B2 and B3).
4.10.1. Scanning electron microscope (SEM)
SEM was used to study the morphology of Na-MMT and
organic montmorillonite. It can be seen that the surface of
Na-MMT Fig. 6A is equalized, covered by small and
well-separated particles. In contrast, the SEM images of
B1-MMT, B2-MMT and B3-MMT are shown in Fig. 6(B–D).
It can be seen that the surface of MMT is equalized, covered
by small and well-separated particles as in B3-MMT Fig. 6D,
in contrast the SEM of samples B1-MMT and B2-MMT
Fig. 6(B and C) exhibited a grain like structure of agglomer-
ated particles. The surfactant compensates for the negative
charge and thus eliminates the repulsive electrostatic forces
between the MMT particles [27–29].
4.10.2. Transmission electron microscope (TEM)
An electron micrograph of the edge of a flake of sodium mont-
morillonite, It can be seen that the surface of Na-MMT Fig. 7A
showed dispersed-aggregated layers, stacked together to form
the flake. Transmission electron micrographs for B1-MMT,
B2-MMT and B3-MMT are shown in Fig. 7. Upon treatment
of the clay samples with B1 revealed more dispersion, which
can be better clarified in Fig. 7B, for sample B2-MMT, Fig. 7C
showed a more homogenous distribution of silicate layers with
the clay aggregates, but in case of B3-MMT, Fig. 7D showed
aggregates of layers with variable numbers of lamella.
5. Conclusion
1. The studied mud which is formulated from the bentonite
sample cannot be used as a drilling mud (water-based
mud) without activation (cannot meet the API and OCMA
specification).
2. The activation of the water-based mud (formulated from
the selected bentonite sample) was carried out using the
prepared cationic bolaform surfactants:
 The spectroscopic data (FTIR, 1H NMR and elemental
microanalysis) confirmed the chemical structures of the
prepared cationic surfactants.
 The surface tension results showed a weak surface activ-
ity of the prepared cationic surfactants.
 The results of the mud formulated from the selected
bentonite sample and treated with the prepared cationic
surfactants showed that the formulated water-basedPlease cite this article in press as: M.M. Dardir et al., Preparation and evaluation o
(2016), http://dx.doi.org/10.1016/j.ejpe.2016.01.001mud has a good yield value, mud density, swelling ratio,
rheological and filtration properties.
3. The studied clay sample (L) can be used as drilling mud
after activation with the prepared cationic surfactants
because the rheological properties satisfied the API stan-
dard and OCMA specification.
4. Also the activation compatibility for these clayswas explained
as an attempt to minimize the high cost of the imported ben-
tonite for this purpose by substituting the local solution.
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